In the present work, the structural characterization and chromium adsorption behavior of a novel poly(pyrrole)-based magnetic hydrogel nanocomposite (MHN) is reported. This product was prepared using free-radical copolymerization of pyrrole (Py), acrylic acid (AA) and acrylamide (AM) monomers, and subsequent in situ synthesis of magnetic Fe 3 O 4 nanoparticles. The structure of MHNs was then characterized by FTIR, SEM, TEM, XRD, UV-Vis and VSM techniques, and a mechanism for the preparation of MHNs is also proposed. The maximum Cr(VI) adsorption capacity (208 mg g -1 ) was achieved under the optimum conditions that were found to be: AA = 0.25 mol L , ΔG° = -61.33 kJ mol -1 ) revealed that ion adsorption is a spontaneous and endothermic process. In general, the results indicated that the synthesized MHNs with specific properties can be used in wastewater treatment applications.
Introduction
In developing countries, water pollution has been emphasized as one of the major threats from the environmental and human health points of view.
1
The non-biodegradable heavy metals are the major sources of water pollution owing to their high toxicity and bioaccumulation in the food chain. 2 Most of the heavy metal pollutants originate from discharged wastewaters of industries, such as the mining, glass, cement, ceramics, and electroplating industries. 3 Among heavy metal pollutants, chromium (Cr) is one of the most toxic heavy metals as reported by the United States Environmental Protection Agency (US-EPA). 4 In aqueous solutions, Cr exists mainly in two oxidation states, i.e., Cr(III) and Cr(VI). Compared with Cr(III), Cr(VI) is a very toxic ion due to its carcinogenicity and teratogenicity. 5, 6 The allowable limit for Cr(VI) in potable water set forth by US-EPA is 0.05 mg L -1 , 7 while discharged effluents from industries often contain values higher than the mentioned amount. Thus, it is necessary to remove the Cr(VI) from effluents before discharging them into the environment. To date, various technologies have been explored to reduce Cr(VI) concentrations from aqueous solutions, such as adsorption, [8] [9] [10] [11] [12] ion exchange, 13, 14 membrane process, 15, 16 chemical coagulation, [17] [18] [19] electrochemical reduction 20, 21 and precipitation. 22 Of these methods, adsorption is a versatile and eco-friendly method. It is feasible, flexible, effective, simple, and also easy to handle. 23, 24 In previous studies, different adsorbents were fabricated for removing Cr(VI) from aqueous solutions, such as activated carbon, 25, 26 metal oxides, 27, 28 coated silica gel, 29 graphene, 30 agriculture waste 31, 32 and biomaterials. [32] [33] [34] However, most of these adsorbents have low adsorption capacity and take a long time to achieve equilibrium adsorption, with poor regeneration possibility of adsorbents for reuse. 36 Recently, several researchers have shown interest in nanostructured adsorbents with high adsorption capacities and rapid sorption rates. This is due to the very large surface area, accessible active surface sites, and a short diffusion route of nano-adsorbents. 37 However, most nano-adsorbents have some limitations in separating the adsorbents from a large volume of environmental samples. In order to avoid this problem, nano-adsorbents with magnetic prop-erties have recently received attention for the adsorption of heavy metals from aqueous solutions, 38, 39 because of their magnetic characteristics that lead to higher removal efficiency in a short period. 40 Various magnetic superabsorbent hydrogel nanocomposites have been synthesized for providing efficient and cost-effective treatment of wastewaters. In this regard, magnetic-based nanostructured materials have been used in the fields of separation and adsorption, because they produce no contaminants, and are capable of treating large amounts of wastewater within a short time. Furthermore, their unique properties allow the target molecules to be separated easily from the matrix by applying an external magnetic field. 42 In conclusion, no centrifugation or filtration of the sample is needed after treatment (in comparison with non-magnetic adsorbents). Among various nanoparticles, magnetic iron oxide nanoparticles (MIONs) have received considerable attention. 43 The large specific surface area, good mechanical stability, high selectivity, easy preparation method, and more active sites, render nanomaterials excellent materials in the treatment of contaminated wastewater. 44 In summary, nanomaterials can be used as economical materials for the revolution of wastewater treatment applications.
Conducting polymers have attracted increasing attention as a new interdisciplinary field of research for the removal of toxic heavy metals. 40, 45, 46 Poly(pyrrole), poly(aniline), and poly(thiophene) are popularly used as conducting polymer adsorbents due to their non-toxicity, low cost, good environmental stability, and ease of preparation. [47] [48] [49] [50] Among the family of conducting polymers, poly(pyrrole) and its composite have been proven to be good adsorbents for the removal of Cr(VI). 51, 52 This is due to the excellent redox properties, high thermal stability, non-toxicity, good biocompatibility, high electrical conductivity, relatively low cost, facile preparation, and the existence of positively charged nitrogen atoms in poly(pyrrole) matrix. [52] [53] [54] [55] [56] These properties lead to a higher adsorption ability through ion exchange or electrostatic interactions.
In previous studies, different adsorbents have been fabricated for the removal of various heavy metals. However, most of the previously reported adsorbents have relatively low Cr adsorption capacity. Therefore, it is necessary to search for highly abundant, low cost adsorbents with greater adsorption capacity in order to remove Cr(VI) ions from contaminated water. Hence, the main goal of the present study is to fabricate a novel adsorbent with high removal efficiency through simple polymerization process for removal of Cr(VI) ions from aqueous solutions. Here, the use of poly(pyrrole) substrate with unique properties, as well as radical polymerization method with special advantages was regarded as the novelty of the synthesized adsorbent. We report in situ chemical oxidative synthesis, characterization, and application of poly(pyrrole)-gpoly(acrylic acid-co-acrylamide)/Fe 3 O 4 magnetic hydrogel nanocomposite adsorbent for the removal of Cr(VI) from wastewater with high adsorbent capacity that can be separated magnetically. The ion adsorption behavior of adsorbent along with the thermodynamics and kinetics of adsorption were studied in detail. ) of Cr(VI) was prepared by dissolving 2.83 mg of K 2 Cr 2 O 7 in 1 L of doubly-distilled water. All other chemicals used in this study were commercially available and used directly without further purification. All required solutions were prepared with distilled water.
Experimental part

Preparation of MHN adsorbent
For the synthesis of Py-based MHN adsorbents, monomers (acrylic acid 2.0 mL and acrylamide 2.0 g) were added to a three-neck reactor equipped with a mechanical stirrer (RZR 2021, a three-blade propeller type, Heidolph, Schwabach, Germany), and stirred (300 rpm) for 20 min. The reactor was placed in a water bath preset at 60 °C. Then, 5.0 mL of Py solution (2.0 g of Py dissolved in 5 mL of 1:1 water/ethanol) was added to the mixture. After dispersing the monomers and homogenizing the mixture, the initiator APS (0.1 g dissolved in 5 mL H 2 O) was added to the reaction mixture. In the next stage, appropriate amounts of FeCl 2 ·4H 2 O (0.3-1.8 mmol) and FeCl 3 ·6H 2 O (0.2-1.2 mmol) with ratio of 2:1 of Fe 3+ /Fe 2+ were added into the solution. Next, 10 mL of 2 M NH 4 OH and crosslinker MBA (0.05 g dissolved in 5 mL H 2 O) was dropped gradually into the mixture with vigorous stirring until completion of the polymerization process (3 h). A black material was precipitated immediately and collected by a ceramic block magnet. The as-prepared adsorbent was finally washed with ultra-pure deionized water three times, and dried at 70 °C for 10 h in vacuum oven. It should be noted that the APS acts both as an initiator and an oxidant for free-radical polymerization of acrylic monomers and Py monomer.
Characterization of MHN adsorbent
A FTIR spectrophotometer (Quebec, Canada) was used to record the spectra at 500-4000 cm -1 by KBr pellets. The fractured morphology of the gel was examined using scanning electron microscopy (SEM, Leo 1455 VP) at 30 kV acceleration voltage. Dried MHN powders were coated with 3 nm thin layer of palladium gold alloy. The software used for SEM imaging was SEM ODON. Transmission electron microscopy (TEM) micrographs were recorded with a Philips CM10 (UK) operating at voltage of 60 kV. The TEM analysis was also carried out by the Microstructure Measurement and Nemodar software. The X-ray diffraction (XRD) patterns of samples were also recorded using a Siemens D-500 X-ray diffractometer with wavelength λ= 1.54 Å (Cu-Kα). Thermogravimetric analyses (TGA) were performed on a Universal V4.1D TA Instruments (SDT Q600) under nitrogen atmosphere, and at a heating rate of 10 °C min -1
. The magnetization was measured at 25 °C with a vibrating sample magnetometer (VSM; Model 7400, Lakeshare Company, USA).
Swelling measurements of MHN adsorbent
An accurately weighed sample of the powdered MHN (0.1 g ± 0.001), with average particle sizes between 250-350 µm, was immersed in distilled water (200 mL) or pH solution (100 mL), and allowed to soak for 3 h at room temperature. The equilibrium swelling (ES) capacity was measured twice at room temperature according to a conventional tea bag method using the following formula: For evaluating the reusability of the nanocomposites, a weighed sample of the MHN, swollen in pH 3.0 or pH 9.0, was placed in 200 mL of ethanol and agitated at room temperature for 60 min. The de-swollen sample was then separated from the solution using the tea bag method, washed with ethanol, and finally dried in an oven at 60 °C for reuse in the subsequent four runs.
Chromium adsorption experiments
Batch adsorption experiments were performed for the removal process in a pH 6.0 solution at 25 °C. Typically, 10 mg of MHN adsorbent was added to 50 mL of Cr(VI) aqueous solution (100 mg L -1 ) in glass vials placed in a controlled-temperature shaking water bath operating at 300 rpm. After the adsorption process, the Cr(VI)-loaded MHN adsorbents were separated magnetically from solution with a magnet, and the supernatant was analyzed immediately via atomic absorption spectrometry measurement of the sample solution before and after the removal process. The amount of Cr(VI) ions adsorbed on the adsorbents was calculated based on the difference in the Cr(VI) concentrations, using the following equation:
where q e (mg g -1 ) is the equilibrium amount of adsorbed ions, γ 0 (mg L 
Results and discussion
Mechanism of MHN adsorbent preparation Fig.1 shows a simple and general schematic illustration of the preparation of MHN product. In the first step, the thermally dissociating initiator and oxidant, i.e., ammonium persulfate, was decomposed under heating (60 °C) to produce sulfate anion radicals. The produced radicals initiate the polymerization of acryl amide (AM) and acrylic acid (AA), as well as oxidation of Py monomer, leading to formation of poly(Py)-based graft copolymer. The iron salts were then added to the mixture. In this step, the free -NH 2 and -COOH groups of grafted PAM and PAA formed chelating sites with Fe 2+ and Fe 3+ ions. By simultaneous addition of NH 4 OH and MBA, the formation of Fe 3 O 4 and cross-linking points were completed, which resulted in uniform growth and dispersion of magnetic nanoparticles, and stabilization of the synthesized magnetic superabsorbent nanocomposites.
Characterization of MHN adsorbent
Regarding the characterization, the FTIR spectra of poly(Py) hydrogel, poly(AA-co-AM) hydrogel, poly(AA-co-AM)/Fe 3 O 4 hydrogel, and poly(Py)-g-poly(AA-co-AM)/Fe 3 O 4 magnetic hydrogel nanocomposite adsorbent were recorded (Fig. 2) . In the FTIR spectrum of poly(Py) hydro- 
gel, the peaks observed at 1169 and 3350 cm -1 can be attributed to the bending and stretching vibrations of N-H band in pyrrole structure, respectively ( Fig. 2(a) ). Moreover, the wavenumbers 1652 and 2932 cm -1 may be assigned to the stretching vibration of C=C and C sp3 -H bands of pyrrole ring. The spectrum of poly(AA-co-AM) hydrogel shows three peaks at 1441, 1528 and 1649 cm -1 , which are related to the symmetric and asymmetric vibrations of carboxylate and carbonyl functional groups (Fig.  2(b) ). In the FTIR spectrum of poly(AA-co-AM)/ Fe 3 O 4 hydrogel (Fig. 2(c) ), the new peak at 802 cm -1 is attributed to the adsorbing characteristics of Fe 3 O 4 nanoparticles (Fe-O band). Finally, in the FTIR spectrum of MHN adsorbent (Fig. 2(d) (a)
into the hydrogel network structure, the nanoparticles were successfully deposited on the surface of polymer (Fig. 3(c and d) ). Additionally, the structure of MHN adsorbent with considerable amount of pores can be seen clearly, which were appropriate sites for Cr(VI) adsorption process. It should be noted that the MHN has a large surface area, and thus there is a capability of fast swelling and ions being absorbed into these pores and surfaces. Corresponding to SEM images, the energy dispersive spectrum (EDS) analysis of the prepared MHN adsorbent ( Fig. 3(e) ) displays main signals for the product (i.e., carbon, oxygen, and iron), which confirms the formation of Fe 3 O 4 nanoparticles in the adsorbent. The presence of carbon and oxygen in the EDS spectrum is related to pyrrole and acrylic monomers. Moreover, the presence of Au, Cl, and Ca atoms could be due to the presence of the thin layer of palladium gold alloy and the residue of the magnetic hydrogel nanocomposite adsorbent. The morphology of magnetic adsorbent was also studied by TEM method. As may be seen from Furthermore, the crystalline structure of the MHN adsorbent was examined using XRD patterns (Fig. 5) . The XRD pattern of the MHN was compared with the normal hydrogel. The different peaks at 2θ = 36, 55 and 64° in the XRD pattern of the MHN were assigned to Fe 3 O 4 nanoparticles incorporated in the nanocomposite network, which correspond to scattering from the (111), (211) and (220) planes, respectively. 57 Thus, this result further demonstrates that Fe 3 O 4 nanoparticles were successfully fabricated in this work. However, it should be noted that the broadened XRD characteristic peaks confirmed that some amorphous phase formed due to the interactions between Fe 3 O 4 nanoparticles and functional groups of the MHN adsorbent.
The superparamagnetic property of the MHN adsorbent was determined by vibrating sample magnetometer (VSM) technique. The magnetization curve showed that the synthesized MGON product was superparamagnetic with no coercivity and no remanence at room temperature (Fig. 6) . The saturation magnetization of the product was strong enough to separate it from aqueous solution.
The thermogravimetric analysis (TGA) method was also applied to investigate the thermal stability and decomposition pattern of normal hydrogel and magnetic hydrogel nanocomposite, as well as to prove the successful grafting of Fe 3 O 4 and acrylic polymers at the surface of poly(pyrrole). As may be seen in Fig. 7 , all the samples show a small weight
F i g . 4 -TEM images and related histograms of MHN adsorbent
loss at low temperatures (<150 °C) as a result of the evaporation of the absorbed moisture on the surface. Furthermore, the final product showed an acceptable thermal stability due to the presence of crosslinking points and Fe 3 O 4 nanoparticles within the networks. In detail, the MHN demonstrates three main stages of weight loss with heating. The first one was around 10 % and occurred up to 200 °C, which was due to the removal of adsorbed water. The second weight loss (35 %) may be attributed to the decomposition of graft copolymers backbones and the destruction of the crosslinked polymer chains. Finally, at temperatures above 366 °C, carbonization of polymer occurred and produced a significant amount of residual mass (23 wt%). 58 Moreover, CO was released at higher temperatures. 59 In general, the thermal stability of the nanocomposites containing iron nanoparticles was higher than that of the polymers without nanoparticles. The presence of the bonds between polymers and iron nanoparticles prevented the intimate thermal degradation, and conclusively increased the thermal stability of the nanocomposites with Fe 3 O 4 nanoparticles. 60 Effect of magnetic field on swelling behavior of MHN As shown previously in Fig. 6 , the prepared MHNs are capable of responding to an external magnetic field (EMF). Hence, in this series of ex- F i g . 6 -Magnetization curve of MHN adsorbent at 298 K periments, we investigated the effect of an EMF on the swelling capacities of the as-synthesized MHNs (Fig. 8(a) ). As may be seen from the figure, the ES of MHN adsorbent is higher in the presence of EMF. This behavior is because the EMF expands the MHN networks and allows more water molecules to diffuse into the nanocomposite structure, resulting in increased swelling capacity.
Furthermore, the MHN adsorbent indicated reproducible swelling-deswelling cycles in the presence and absence of an EMF, as demonstrated in (Fig. 8(b) ). As shown in the figure, the magnetic hydrogel nanocomposite swells up to 61 g g -1 in the presence of EMF, while it shrinks within a few minutes in the absence of an EMF upto 7 g g -1
. This sudden and sharp swelling-deswelling behavior makes the system highly magnetic-responsive and suitable for tailoring pulsatile (on-off swelling) magnetic-sensitive drug delivery systems.
Comparison of swelling behavior
The swelling capacities of four samples, i.e., poly(Py) hydrogel (S 0 ), poly(AA-co-AM) hydrogel (S 1 ), poly(AA-co-AM)/Fe 3 O 4 hydrogel (S 2 ), and poly(Py)-g-poly(AA-co-AM)/Fe 3 O 4 magnetic hydrogel nanocomposite adsorbent (S 3 ) were investigated in order to study the swelling behavior in aqueous environments. The feed amounts of components are given in detail in Table 1 . The results of swelling capacities and swelling rates are also shown in Fig. 9(a) . Firstly, it may be seen that the swelling capacities of the magnetic nanocomposite adsorbent containing Fe 3 O 4 nanoparticles (sample S 3 ) is greater than that of other samples. This might be attributed to the great number of hydrophilic groups and the presence of magnetic nanoparticles synthesized in situ on the surface of adsorbents, which resulted in increasing the rate of water diffu- sion in the polymer network (also comparing S 1 and S 0 ). Further, the ultimate water absorbency of S 0 sample is lower than that of other samples because the pyrrole ring, as a hydrophobic component of network, restricts the adsorption and diffusion of a large quantity of water molecules within the hydrogel structure. Therefore, the order of water absorbency capacity of the samples is S 3 >S 2 >S 0 >S 1 .
Swelling desorption and regeneration study
In practical applications, desorption and recycling of adsorbents after removal of water is very important process. For the application of adsorbents on an industrial scale, usually five adsorption-desorption cycles are used. Therefore, in the present work, five cycles of the adsorption-desorption were carried out at pH 3.0 and 9.0 to evaluate the reusability of the MHN adsorbent (Fig. 9(b) ). The results indicated that, in the first regeneration cycle, the equilibrium swelling capacity was 49 and 21 g g -1
, and after the fifth cycle, it had decreased by 1.75 and 2.6 times at pH 9.0 and 3.0, respectively. Thus, the as-prepared adsorbents can be used as high-performance recyclable materials for industrial applications. 61, 62 Chromium adsorption of MHN In the present study, it is expected that the final product can be used as an efficient adsorbent for removal of Cr(VI) ions due to the presence of various functional groups on the structure of the synthesized MHN. To this end, different experimental parameters were varied in order to achieve the best experimental conditions for Cr(VI) adsorption. It is worth noting that the adsorption capacity of a hydrogel network is dependent on the interaction between the adsorbate and the polymer network, the solubility of the adsorbate, and the swelling ratio of hydrogels in aqueous media. In this study, the ion adsorption behavior depended mainly on the attractive interactions and the swelling capacity of the hydrogel. Moreover, the swelling capacity of hydrogels is strongly influenced by their chemical composition. The swelling of adsorbents in water leads to an enhanced removal of adsorbates. In fact, it was observed that the ion adsorption capacity profile of hydrogels was consistent with the data obtained from the swelling studies. The hydrogel with the higher swelling ratio achieved higher adsorption capacity percentages.
Effect of magnetic nanoparticles on chromium adsorption Fig. 10(a) displays the effect of Fe 3 O 4 nanoparticles on the Cr(VI) adsorption capacity of MHN adsorbents. As shown, the ion adsorption capacities improved in the MHN (S 3 : with Fe 3 O 4 nanoparticles) compared with non-MHN (S 0 : without Fe 3 O 4 nanoparticles) adsorbent. This behavior was due to an increment in the -OH functional groups content within the structure of MHN adsorbent. In addition, in the presence of Fe 3 O 4 nanoparticles, the overall porosity had increased and conclusively led to an increase in the Cr(VI) adsorption capacities of MHN adsorbent. 63 According to the figure, the ulti- , respectively. Thus, the nanoparticles increased the adsorption capacity upto 336 %.
Effect of monomer concentration on chromium adsorption ) on Cr(VI) adsorption of the MHN adsorbent. It may be clearly observed that the diffusion of AA and AM molecules into the polymer structure had increased with the increase in the monomers concentration. Consequently, an increase in functional groups causes an increase in the affinity for more absorption of Cr(VI) ions. Moreover, this leads to an increase in swelling capacity, and therefore the ion adsorption ability of the nanocomposites.
Effect of solution pH on chromium adsorption
In general, the initial pH of solution is one of the most critical parameters that affect the adsorption capacity of an adsorbent extensively. 12 This is because the solution pH changes the surface charge and adsorption sites of an adsorbent. Further, pH is considered an important controlling parameter for any kind of metal adsorption process. According to the literature, 36 Cr(VI) exists in the forms of HCrO 4 -and Cr 2 O 7 2-between pH 2-6, while CrO 4 2-is the dominant species at pH 6.
The effect of initial solution pH on Cr(VI) adsorption capacities of the MHN adsorbent is shown in Fig. 11(a) . As shown, the sorption capacity decreases from 121 mg g -1 (at pH 2) to 11 mg g -1 (at pH 10). This behavior is related to the competitive interaction between OH -and CrO 4 2-ions at higher pHs (pH>6). At acidic pHs (pH 2-6), however, the higher Cr(VI) adsorption efficiency is due to the electrostatic interactions between the positively charged functional groups of the MHN adsorbent and the negatively charged HCrO 4 -and Cr 2 O 7 2-ions. For further study of the effect of solution pH on the adsorption efficiency of the synthesized adsorbent, the zero-point charge pH (pH zpc ) of the MHN was also determined at different pH in the range of 3-11. The results in Fig. 11(b) show that the pH zpc was 6.0. This means that at pH values lower than 6.0, the adsorption sites on MHN adsorbent are positively charged, but at pH values higher than 6.0, the sample surfaces are negatively charged, which could adsorb anions by electrostatic attraction. In other words, the surface of an adsorbent is neutral at pH = pH pzc , negatively charged at pH > pH pzc , and positive at pH < pH pzc . Conclusively, at pH values lower than pH zpc , the MHN adsorbents comprised positively charged functional groups on their surfaces, which provided the best balance with the negative charges of Cr(VI) ions.
Thermodynamics of ion adsorption
We firstly evaluated the effect of different temperatures (25, 45 , and 65 °C) on the Cr(VI) adsorption capacity. The results in Fig. 12(a) indicated that the ion adsorption had increased with an increase in solution temperature for various concentrations of ion (50, 100 and 150 mg L -1 ), which demonstrated that higher temperatures were more suitable for the adsorption process. This means that the ion adsorption process is endothermic. As important factors in the design of adsorption process, the thermodynamic parameters including the change in enthalpy (∆H°), entropy (∆S°), and free energy (∆G°), were obtained from the following equations:
where K is adsorption affinity, R is the gas constant (8.314 J mol -1 K -1 ), and T is the temperature in Kelvin. A linear plot of lnK versus 1/T (Fig. 12(b) ) was employed, and the values of ∆H° and ∆S° were obtained from the slope and intercept, respectively. The ∆G° values were then calculated from Eq. (4). For all concentrations of Cr(VI), the values of ∆G° were negative in the adsorption process ( Table 2 ), suggesting that the adsorption was favorable from a thermodynamic point of view and spontaneous in nature. It is worth noticing that the ∆H° and ∆S° with positive values demonstrated that the ion adsorption process was endothermic and favorable.
After optimizing the ion adsorption capacity of the synthesized MHN adsorbent, it was found that the Cr(VI) adsorption amount by synthesized adsorbent was 208 mg g -1 , which was highly comparable to those mentioned previously for other chromium adsorbents (Table 3 ). In conclusion, the as-prepared adsorbent with acceptable adsorption capacity can be utilized as an ideal material for wastewater treatment.
Conclusions
In the present work, a novel magnetic superabsorbent hydrogel nanocomposite has been synthesized, and successfully utilized as efficient adsorbent for the removal of toxic Cr(VI) ion from aqueous solutions. Nanocomposites can be separated easily from wastewaters by applying an external magnet due to the superparamagnetic property of the synthesized adsorbents. The experimental results showed that the adsorbent capacity was mainly dependent on Fe 3 O 4 content, monomer concentration, initial pH of solution, and temperature. The sorption data also indicated that the maximum Cr(VI) adsorption value was 208 mg g -1
. Further, thermodynamic studies demonstrated that the adsorption process of Cr(VI) by MHNs was endothermic and spontaneous in nature. In conclusion, it is expected that the MHNs could be regarded as highly effective adsorbent materials for cleaning various metal ions from wastewaters.
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